This work theoretically explores the perspectives of stacked graphene-insulator-graphene layers as active terahertz devices. Out-of-plane resonant tunneling current between the graphene layers is shown to constitute a gain medium for electron-plasma-waves propagating in the plane of the graphene sheets. The interaction between both phenomena can lead to either stable THz amplification (with power gain >7 dB) or very sensitive terahertz detection ( The terahertz spectrum has been widely explored for a broad range of applications over the last few decades.
This work theoretically explores the perspectives of stacked graphene-insulator-graphene layers as active terahertz devices. Out-of-plane resonant tunneling current between the graphene layers is shown to constitute a gain medium for electron-plasma-waves propagating in the plane of the graphene sheets. The interaction between both phenomena can lead to either stable THz amplification (with power gain >7 dB) or very sensitive terahertz detection (with sensitivity The terahertz spectrum has been widely explored for a broad range of applications over the last few decades. 1, 2 However, accomplishing either very sensitive detection or power gain at room temperature still remains a challenge at these frequencies. In general, the operation of solid state based detectors and amplifiers becomes degraded at terahertz, which is a result of RC time constant constraints in these devices. To overcome these RC time constant limitations, active traveling wave devices should be designed. As shown by Dyakonov and Shur, 3 two dimensional electron gases (2DEGs) in semiconductor layers allow for collective motion of electrons, the so-called electron-plasma-waves, whose group velocity can be more than one order of magnitude larger than the electron-drift velocity (i.e., v g > 1 Â 10 8 cm/s). These electron-plasma-waves, and their device applications, can be well explained employing transmission line equivalent models for the 2DEGs as discussed by Burke et al., 4 Khmyrova et al., 5 and Gutin et al. 6 Recent experimental demonstrations of devices relying on electronplasma-waves with record-high room temperature sensitivity at 1THz (>2 Â 10 3 V/W) indicate the potential of such devices for terahertz applications. 7, 8 Moreover, terahertz emission was also reported from 2D plasmons in InP 2DEGs. 9 As proposed by Ryzhii et al. 10 by providing a gain medium, such as an element providing negative differential conductance, plasmonic losses due to electron scattering in the semiconductor 2DEG can be counteracted, which in turn leads to stronger responses in terahertz detector configurations. [10] [11] [12] In this context, the possibility of terahertz power amplification in HEMT-like structures exhibiting negative differential conductance (NDC) from the transistor gate to its 2DEG has been recently proposed in the so-called resonant-tunneling diode (RTD) gated plasma wave HEMTs. 13 The fundamental mechanism enabling gain at terahertz frequencies in these devices is the interplay between the gate NDC and the electron-plasma-waves in the 2DEG, i.e., the NDC provides a gain medium for the plasma waves excited in the semiconductor 2DEG. This work shows that: (a) graphene-insulatorgraphene structures can provide stable power gain at THz frequencies under appropriate circuit configurations due to resonant tunneling between the stacked graphene layers and (b) the achievable power gain in these structures can surpass what is possible in RTD gated-HEMT structures. 13 Moreover, it also theoretically analyses the practical requirements that the tunneling-barrier has to satisfy so that power gain/sensitive THz detection is possible in these structures.
Graphene, an intrinsically two-dimensional material, has recently captured a lot of attention for terahertz applications. [14] [15] [16] [17] [18] [19] Owed to its long momentum relaxation time (approaching values on the order of $10 ps) and large room temperature mobilities (up to $100 000 cm 2 /Vs), thus low plasmonic damping and large strength of its plasmonic resonances, graphene can be an excellent platform for electron-plasma-wave transport. [19] [20] [21] Electron-plasma-waves in graphene 2DEGs can exhibit lower loss and therefore propagate for longer distances than those in traditional semiconductor 2DEGs. Moreover, the intrinsic two-dimensional nature of the material, and its ease of transfer to arbitrary substrates, allows for unprecedented degrees of freedom at the moment of integration, can reduce the manufacturing cost with respect to that of traditional high mobility semiconductors, and also can enable more simple fabrication processes. In order to provide NDC via resonant tunneling in graphene, devices consisting of two graphene layers separated by a thin insulator can be employed. These structures have been recently theoretically proposed by Zhao et al. 22 and experimentally demonstrated by Britnell et al.
23 (see Fig. 1(a) ). Such devices can be practically implemented, for instance, employing graphene/BN/graphene. The DC current in these structures flows by vertical tunneling between the stacked graphene layers when a DC voltage is applied between them. As shown in Figs. 1(a) and 1(b), the device exhibits a resonant I-V characteristic, where current peaks only at the voltage when momentum and energy are conserved across the two graphene layers (V DS ¼ V DS0 ); thus, there is a voltage bias region (V DS > V DS0 ) where the tunneling current exhibits NDC. Resulting from the small area of these devices ((10 lm 2 ), micromechanical cleaved materials can be employed which in practice allow for ultra-high room temperature mobilities.
The high-frequency equivalent circuit model of the device is depicted in Fig. 2 (a) (see Refs. 4, 5, and 13); if the device is biased in the NDC region, the electron-plasma-wave damping due to electron scattering can be counteracted. The condition that must be satisfied for such counteraction can be expressed as
where c barrier is the total barrier capacitance (per unit area), NDC is the gate-to-channel negative differential conductance (also per unit area), and s is the electron/hole momentum relaxation time. Therefore, for a given equivalent-oxide-thickness of the dielectric, high quality exfoliated graphene can allow for smaller NDC levels than traditional high mobility semiconductors due to its longer electron/hole momentum relaxation time. The group velocity of the electron-plasma-waves can be estimated from 24, 25 s
where m* is the semiconductor effective mass, which in the case of graphene can be defined as
m/s), h is reduced Planck's constant, q is electron charge, and n s is the 2DEG density in graphene. When comparing the maximum group velocity attainable in graphene 2DEGs with that in traditional semiconductors, it is observed that graphene can achieve larger group velocities and thus constitutes a more suitable platform for terahertz plasmonic applications (see Table I ). In these calculations, an equivalent-oxide-thickness of 5 nm was assumed.
The tunneling current between stacked graphene layers can be modeled employing the theory by Zhao et al. 22 In this model, assuming a weak dependence of the Fermi level in graphene with V DS , the following expression is derived for current as a function of the 2DEG carrier concentration:
qV DS À2 h ffiffiffiffi pns
where
Here, t t is the thickness of the tunneling layer, j is a decay constant for the tunneling current in the barrier, m is the free electron mass, d is the normalization constant for the z-component wave-function in graphene, and L is the coherence length of graphene (size of ordered areas in the graphene sheets). 22 The differential conductance at the point where maximum NDC is achieved is thus approximately given by
Equation ( 200 nm was assumed. Shown in Fig. 2(b) is jc tunnel /g tunnel j as a function of n s for different dielectric thicknesses (BN). A dielectric constant of 3.5 was assumed for BN. It is observed that BN layers in the order of 0.5 nm ($2 atomic layers) are required in order to provide jc tunnel /g tunnel j ratios between 10 ps and 0.1 ps (which is a realistic range for experimentally achievable values of electron momentum relaxation time in graphene). Since the condition for which electron plasma wave damping is entirely counteracted (e.g., maximum gain in amplifier configurations is achieved 13 ) is: jc barrier /NDCj $ s in accordance to Eq. (1), by assuming that the gate dielectric thickness is much larger than the tunneling dielectric thickness and by neglecting the effect of gate leakage, it can be concluded that employing $2 atomic-thick BN layers is actually a necessary requirement for these devices to exhibit enhanced terahertz performance due to the interaction between NDC and electron-plasma-waves.
Whereas prior work has studied the potential of graphene-insulator-graphene structures for very sensitive THz detection, this paper shows that under appropriate configurations stable THz power gain can be achieved. Shown in Fig.  3(a) is a sketch of an amplifier configuration. The DC boundary conditions are set by the geometry of the DC contacts (see Fig. 1(a) ); a DC voltage is applied between the contact to the top graphene layer (right) and the contact to the bottom graphene layer (left); opposite extremes of both graphene layers are assumed open in DC. The AC boundary conditions are set as pictured in Fig. 3(a) : two sources of different polarities, represented by 6V s /2 and Z s together, represent an input signal source; and Z l represents the impedance of a load (according to Ref. 13 , Z s ¼ Z l ). Under small signal analysis, the power gain in this configuration is given by
and C in ¼ S 11 þ S 12 S 21 C l =ð1 À S 22 C l Þ, where C s and C l are the source and load reflection coefficients with respect to Z 0 ¼ 50 X, and f is defined as f ¼ Z/Z 0 . In order to guarantee stability, the following constraint is imposed: jC in j < 1. By assuming a gate dielectric thickness much larger than the tunneling dielectric thickness and by neglecting the effect of gate leakage, the transmission line characteristic impedance (Z) and propagation constant (c) are given by
where x ¼ 2pf is the THz angular frequency, r represents the distributed channel resistance (see Fig. 2(a) ), and l is the kinetic inductance (accounting for the inertia of electrons in the 2DEG; see Fig. 2(a) ).
For illustrative purposes, a detector configuration is also studied (employing the same material parameters than those in the amplifier configuration), in this configuration an incoming terahertz signal is coupled to drain and source contacts (e.g., by means of an antenna). The nonlinearities of the electronplasma wave dynamics give origin to a variation in the DC current through rectification of the AC potentials. 26 However, in ungated structures, such as those studied in Ref. 26 , the strength of resonant tunneling is much weaker than in gated structures, 27 such as the structures considered in this work. Ryzhii et al. reported a theoretical study on the capabilities of gated graphene-insulator-graphene structures for very sensitive terahertz room temperature detection employing a similar device configuration to the one studied here. 27 The DC boundary conditions assumed for the detector configuration are the same as those in the amplifier configuration. AC boundary conditions are set by two voltage sources of different polarity between AC ground and top/bottom graphene layers, i.e.,
; AC open boundary conditions are assumed in the opposite extremes of both graphene layers (i.e., dv top (right)/dx ¼ 0 and dv bottom (right)/ dx ¼ 0). Under these conditions, a DC voltage drop is induced along each graphene layer (see Refs. 3 and 12) .
The properties of the detector and amplifier structures are calculated employing similar methods to those described in Refs. 12 and 13, respectively. All the calculations were performed assuming room temperature, and conservative values for electron mobility, l ¼ 2 Â 10 4 cm 2 /Vs, and electron momentum relaxation time (s) of 0.3 ps, no dependence of these parameters with carrier concentration was assumed in order to simplify calculations. Shown in Fig. 3(b) is the detector responsivity as a function of frequency; the device gate length is 150 nm, the red curve shows the detector response for a device that does not exhibit NDC, whereas, the blue curve shows the response for a device biased in the NDC region so that jc tunnel /g tunnel j ¼ 0.9s; responsivity values on the order of 10 5 V/W can be achieved under the latter condition (in agreement with the discussion in Ref. 27). Fig.  3(c) depicts the calculated power gain versus frequency for the amplifier configuration optimized for maximum power gain at 2 THz, stability constraints were imposed in accordance to the discussion in Ref. 13 ; it is observed that power gains >7 dB are achievable in this device architecture; these values are >2 dB larger than what was found in GaN RTDgated plasma wave HEMTs, 13 which show the potential of graphene-insulator-graphene structures for THz amplification. In this case, the length of the device was $110 nm and its width $30 lm.
In conclusion, the out-of-plane resonant tunneling current between graphene layers in graphene-insulator-graphene structures can constitute an efficient gain medium for electron-plasma-waves propagating in the plane of the graphene. The interaction between electron-plasma-waves and resonant tunneling phenomena can lead to either very sensitive terahertz detection (sensitivity > 10 5 V/W), or terahertz amplification (with power gains > 7 dB) under appropriate device configurations which constitutes a superior performance than what has been predicted in RTD-gated HEMTs employing traditional semiconductors. 13 The author acknowledges the support from the NSF MRSEC program at the University of Utah under Grant # DMR 1121252. The author thanks H. G. Xing, P. Zhao, and D. Jena for useful discussions.
